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Abstract

Fragments of a blue-green alga, dnacystis nidulans, obtained by crushing whole cells in a phos-
phate buffer (containing digitonin) followed by centrifugation, were examined for their absorption
and fluorescence characteristics. Electron micrographs of these fractions are also reported. Two
particulate fractions are enriched in chlorophyll @¢. On the basis of the emission spectra (at
—196° (), we speculate that one fraction ig enriched in chlorophyll a, and the other in chlorophylt
&, and the lightest fraction has phycocyanin in solution. Some chlorephyll @ is also present in the
lightest fraction. The efficiency of energy transfer from aceessory pigments (earotenoids and
phycocyanins) to chiorophyll & was found to be different in different fractions.

~~LLEN et al. (1962) obtained some particles from Chlorella by repeated freezing and grinding

“ilowed by sonicetion and density gradient centrifugation; these particles were enriched in

iy ticialorophyll b and chlorophyll ¢ 673. BUTLER and BawER (1063) prepared chloroplast fragments

L

s gei—

irom. spinach, Chlorelle and Euglena by sonication followed by differential centrifugation; all
the fractions contained the chlorophyll pigments in the seme ratio as the intaet chloroplasts.
BoarpMax and ANDERSON (1964) prepared chloroplast fragments from spinach by solubilization
with digitonin followed by differential centrifugation; fractions were obtained which contained
different ratios of chlorophyli b to chlorophyll a. The heavier fractions—enriched in ehlorophyll b
(pigment system IT}—seemed to efficiontly perform light reaction II {evolution of exygen with
DCPIP? as Hill oxidant}, and the lighter fractions—enriched in chlorophyll & (pigment system I}
—light reaction I (reducrion of NADFP? with reduced DOPIP as H-donor}). Several other atterpts
to physically separate the two pigment systems have been made with some success (Brown,
Brit.and UrBacH 1965, BRIL 1665, GROSS, SEEFNER and BECKER 1966, CEDERSTRAND and GOVIND-
JEE 1966). From the earlier work of Duysexs (1942} on Oscellatorin, it is clear that the two
pigment systems in blue-green algae are spectrally well separated. Thus, blue-green algas have
been extensively used in the study of two-light reachions in photosynthesis (EMERsON and RaBI-
NowrTcH 1960, Govinpsre and Rapizowrrcr 1960, Kox and Gorr 1960, Axesz and Duvsens
1962, Jones and Myers 1964, GrosE and Govinpsrr 1966). Particles from blue-green algse
have been used by THomas and DE Rover {1955), Perrack and Liemarxwy {1961), Brack,
Frwsorn and Giees, 1963, FrEpmEricks and Jacexporr (1964), and Suvsor and KrooMmanx
(1964} for biochemical investigations. GeraaspT and TrEssT (1965) have suceessfally used
lyophilized Anacystis for biochemical investigation. Latar, PAPAGEORGTOU and GOVINDJIEE (lgﬁﬁ)
deseribed the fluorescence characteristics of such a system and showed that such preparations
evolve 0, with CO, as oxidant. Fuymma and Myers (1966) have succesded in obtaining a chlo-
rophyll @ containing fraction from a blue green alga Anabaena cylindrica by sonication and
differential centrifugation, which has lost activity for the DCUPIP-ZHill resction but shows
the oxidation of ¢ eytochromes.

*  Received December 27, 1966, ascepted April 10, 1967.

**  Present address: Botany Department, The Hebrew Univerzity of Jerusalem, Israel.
*#% Send reprint requests to Urbana, Tllinois.

1 DCPIP = DiChloro Phenol IndoPhencl.

a

* NADFP = XNicotinamide Adenine Dinueleotide Phosphate.

8 Photosynthetica

113




ia

1i4

ity

C. SHIMONY, J. SPENCER, GOVINDJIEE -

We g emp‘oed to physically separate the pigment complexes in A nacystis by the
BM{AN a NDERSON method. We have examined some of the spectral charac-
isti Qelptlon spectra, excitation and emission spectra of fluorescence)
@f the erent” %etlons Emission spectra at liquid nitrogen temper ature show
hat rtlg‘l“*S@a, ation of the pigment complexes was achieved in the present
Y %O blochvmzoal activity was tested.
mwm"’

MATERIALS AND METIIODS

Anacystis niduluns, a blue-green alga. was grown in & completely inerganic modinm under condi-
tions described by GoviNDseE and RaminowITed (1960). A mixture of 5 2, €0, and 95 9% air
was continuously bubbled through the cultures grown in 300 ml maodified, Erlenmeyer flasks.
The algal suspension was centrifuged to remove the culture medium; the pellet was crushed with
gand in a minimum volume of buffer (pH 6.5): 0.156 M Na ,HPO,, 0.5 M sucrcse, 0.6 % digitonin
and 0.01 ¥ KCl at 5—10°C, More buffer was then added to obtain dilute sugpensions. Band was
removed by appropriate centrifugation. The supernatant was left overnight in complete darkness
in the buffer containing digitonin at 4° C. By differential centrifugation in a Spénce ultracentrifuge,
three fractions were obtained: fraction L at 1200 x g for 10 minutes, fraction 2 at 10,000 x g
for 30 munutes, and fraction 3 at 50,000 x g for 60 mmnutes. The last supernatant was fraction 4.

For electron micrographs, Anacystis fragments were placed on formvar coated screens, dried
and then shadowed with chromium metal at a 30° angle. Pictures were taken with a Siemens
1" electron microscope.

Absorption spectra were measured by a Bausch and Lomb spectrophotometer (Spectronde 505}
cimipped with an integrating sphere. Flucrescence spectra were made by our recording spectro-
fluorcmieter, which is described here for the first time in detail; this instrument—designed by
two of us {J. 8. and G.)—has been used in our earlier fluorescence work (KrEy and GovINDJILRE
1964, GovIKDJEE 1966, GoviNDpJEE and Yaxc 1966, GHosH et gl. 1966, KreY and GOVINDJEE 1966,
CEDERSTRAND, RARINOWITCH and GOvixDJIEE 1966, CHO, SPENCRR and GOVINDIEE 1966, Goving..
IEE, MUxNpay and PAPAGEORGIOU 1966).

Spectrofluorometer: Exciting light (Fig. 1) was obtained from a large Bausch and
Lomb grating monochromator (focal length = 500 mm; f/5; grating size, 100x
¥ 100 rom; linear dispersion, 3-3 nm/mm of slit opening; blazed at 300 nm}). The
light source—a tungsten ribbon filament lamp—was operated at 6 volts and 20 am-
peres by an AC power supply (assembled in the laboratory). The unit described
above gserved as the “exciting” monochromator. The light from this assembly was
filtered by appropriate Cornéng and Schott Jena colored filters (Clorning 4—76 for
the 400 to 550 nm range; Clorning 3—69 for the 550 to 750 mm range; and Schott
RG-10 for the 750 to 800 nm range). The exeiting beam impinged at a 30° angle
on the bottom (optically clear and flat) of a Dewar flask (H. §. Martin & Company,
Evanston, llineis) held vertically. The illuminated arca was 1 mm x4 mm. The
sample—a thin suspension (optical density at chlorophyll a peak = 0-05 for 1 mm
path) of Anacystis fragments—wag pipetted into the Dewar flask to form a 1 mm
layer. About 1-5 ¢, of the emitted fluorescence was collected from the bottom surface
of the flask by means of a collector lens system. The fluorescent light first passed
through complementary filters that remove all traces of scattered light and them
through another large Bausch and Lomb monochromator (referred to as the “ana-
Iyzing” monochromator), which had the same characteristics as the “exciting’”
monochromator, except that its grating is blazed at 750 nm. The light detector was
an EMI 9558B photomultiplier tube placed flush with the exit slit of the measuring
monochromator, (The EMI photomultiplier was not cooled. Cooling this tube does
not increase the signal/moise ratio; it decreases only the dark current.)

The excitation spectra of fluorescence werc recorded automatically; the wave-
length drum of the “‘exciting” monochromator was rotated by a synchronous Hurst
motor (1 RPM). The wavelength range was controlled by two microswitches and
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fk‘ig. 1. Block diagram of the speetrofluorometer.

a relay device. The speed of rotation could be varied by means of an Jnsco spoed
= reducer (Model 00105). The signal from the photomultiplier was fed to a Keithley
T microvolt-ammeter (model 150A). This instrument was operated in the 30 mpd to

+ 100 mA range. The signal from the ammeter was then fed to a Brown recorder, the

gpeed of which could also be varied with the aid of another Insco specd reducer.

-+ The excitation spectra wcre corrected for the variations in the number of inci-

] dent guanta at different wavelengths. The light intensity at each wavelength was
above “‘compensation” point but far below “saturation” of photosynthesis.

The incident energy was measured with a surface type BifAg thermopile (Eppley

T‘ Laboratory, Toe., Scientific Instruments, Newport, R.I1.) which develops a mean

! emf of 0-040 microvolts per microwatt em—2 of energy incident on the instrument.

The thermopile was placed in the light path of the “exciting monochromator”;

the emf developed in the thermopile (due to light falling on it) was displayed on the

T microvolt scale of & Keithley microvolt ammeter connected to the two terminals of
| the thermopile. Microvolt readings for different wavelengths (1) of exeitation were

converted to numbers which were directly proportional to the number of incident
- quanta.

| The emission spectra of fluorescence were recorded automatically by scanning
i the wavelength of the “analyzing” monochromator using a similar set-up as described

for the excitation monochromator. Sometimes the instrument was operated manually;
« Ieasurements were then made on a sensitive Rubicon light beam galvanometer
{5-8x 107* pAjmm; resistance 4720 Q; period 4 s; C.D. RX 70,000 Q; equipped with
a 2 position range switch; sensitivity: 107 photons/mm deflection}. The cmission
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spectra were corrected for the variations in the sensitivity of the photomultiplier
and the transmission efficiency of the monochromator at different wavelengths. The
correction factors were determined by plotting the response of the photomultiplier
and the “analyzing” monochromator at different wavelengths to a constant number.
of incident guanta of different wavelengths.

All the slits of the “exciting” and the “analyzing” monochromators were adjusted
to bandwidths of 3-3 nm (or 6-6 nm), Emission spectra were measured by exciting
algae with 430 nm and with 605 nm light. Excitation spectra (usually referred to as
action spectra) were measured with the “analyzing” monochromator set at 720 nm.

Measurements roported here were made at 20—22° C and at —196° C. For low temperature
work, we placed a drop of the suspension on the bottor of the Dewar flask, covered it with a cover
stip to obtain a thin film, and then liquid nitrogen was poured to give a 5 em layer above the
sample.

Ai_]ll the experiments reported here have been confirmed six timeg.

Acknowledgements: We thank the National Science Foundation (GB 4040) and the National
Institutes of Health (GM 13913) for financial support. We are grateful to Professor Gregorio
Weber for discussions that led to the assembly of our spectrofluorometer. We thank George
Papageorgiou and John Munday for reading the manuscript. Electron micrographs were made
in the Central Electron Microscope Faecilitios of the Ciraduate College of the University of Illinois.

RESULTS AND DISCUSSION

Electron Micrographs

Fraction 1 contains mainly large pieces of Anacystis cells 2 um in size (Iig. 2A).

They appear to consist of “flat membranes with, particles” hiding underneath th-—>-

(see arrows). These particles seem to range from 50-—100 nm in diameter. Of.
depressions or holes of 50—100 nun in diameter are seen — as if these particles fell
out of these places. Fraction 2 contains fragments of membranes and a great number
of particles. These particles have the same size (30—100 nm) as the hidden particles
in fraction 1. Occasionally, “holes” are seen in the fragments of membranes. Often
fraction 2 contains only the 50—100 nm particles. Fraction 3 contains exclusively
these particles (Fig. 2B). We do not know whether these particles exist in vivo or
are artificially formed due to detergent treatment. In sections of untreated algae
such particles are also found; it appears as if they are “coming out” of the lamellae.
This may be an indication that they appear in vivo. Moreover, such, particles have
also been cbserved in the plastids of higher plants when leaves are transferred from
darkness to Light (vox WETTSTEIN 1958, FREY-WyssLing and MUHLETHALER 1965,
C. Sprvony, unpublished). However, In our preparations, these particles are more
abundant than ever observed in wivo. Dr. GawtT (in a personal communication)
has pointed out to us that these particles may be artificially formed; for example,
vesicles may form by closing of the broken concentric lamellae of Anacystis and
appear as particles seen in Figure 2.

The blue-grcen algae are usually considered the most “primitive” of all algae
and are perhaps closely related to the photosynthetic bacteria. However, it is
doubtful that the “particles’” observed in the present study have any relation to the
well-known bacterial particles called “chromatophores” since the latter are smaller
in size (10 —30 nm) in contrast to 50— 100 nm particles of Anacystis. (For a discussion
of the chromatophores in various photosynthetic bacteria, see FuLLer, CoNTI and
M=remw 1963 and Conrx-Bazire 1963.) Recently, Gawrr and Cowtx (1966) have
discovered small granules (approximately 35 nm diameter) attached to the chloro-
plast lamellae of the red alga Porphyridinm cruentum, these granules contain phy-
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Fig. 2A. Electron micrographs of fraction ne. 1 (magnification: 60,000), See text for details.
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Fig. 2B. Electron micrograph of fraction no.
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SPECTRAL CHARACTERISTICS OF Anacystis PARTICLES

cobilins and have been named “phycobilisomes.”” It is likely that the blue-green
algae which contain phycobilins also possess “phycobilisomes.” However, it is very
doubtful that the 50—100 nm particles (shown in Fig. 2) are phycobilisomes since
"our particles are found in fractions (2 and 3) which are low in phycobilins and enriched
in chlorophyll @ (vide infra).

Kbsorption Spectra

Figure 3 shows the absorption spectra of the 4 fractions for 1 mm pathlength.
Table 1 lists the location of peaks and shoulders The ratio of absorbance (A) at
434 nm, where carotenoids and ehlorophyll @ absorb to that at 671 nm where only
chlerophyll & absorbs, gives an idea of the ratio of carotenocids to chlorophyll #, and
the ratio of absorbance at 671 nm to that at 623 nm, gives an indication of the ratio
of chlorophyll o to phycocyanin. Fraction :

2 has lost almost all of its phycocyanin

b T T v - i T T
but a good proportion of carotencids is b
. : : o o
retained here. Fraction 3 is very similar to ABSORPTION SPECTRA
. - - ANACYSTIS FRAGMEN
fraction 2 {as it was under electron micro- oaf- -

scope); it contains traces of phycocyanin, P A -
but it has a smaller proportion of caro- J '

tenoids. Fraction 4 contains most of the
extracted phycocyanin and some chloro-
phyll & and a fairly large proportion of

2
<.
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2
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-
N
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—e=votenoids. S
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= 3\/" P ‘*\\

Fig. 3. Absorption spectra of the four fractions o “,a (=
of Anacystis niddulans (at 22 °C) prepared by oL’
breaking the cells while in digitonin followed
by differential ultracentrifugation {see text). : = ;

365 405 445 485 525 565 BOS 645 €83 25 TIS

Path length = 1 mm. WAYELENGTH, M

An interesting feature of fraction 4 was the almost equal absorbance (4) at
417 nm and 433 nm (1 Ay = 0-97). Fraction 1 contains a pigment with a
maximum absorption at 750 nm — designated carlier as P750N (GovinDies, CEDER-
STRAND and RasiwowrrcH 1961, Gassner 1962 and Govinoier 1963).

Excitation (or Acfion) Speeira of 720 nm Fluorescence at Room Temperature

Figure 4 shows the general shapes of the action (or excitation) spectrs of 720 nm
fluores¢ence of the four fractions. Fraction 4 has a very high fluorescence efficiency
since phycocyanin is in solution; there is a large peak at 625 nm due to phycocyanin
and shoulders at 671 and 434 nm due to traces of chlorophyll ¢. Tn fraction 4, the
action spectrum shows lower values in the blue than in the red; this may mean that
most of the absorption in blue {shown for fraction 4 in Fig. 3) is due to the carotencids
which transfer energy very inefficiently to chlorophyll . Fractions 2 and 3 do not
contain much phycocyanin but have clear peaks at 671 and 434 nm since they are
enriched in chlorophyll a. Fraction 1 is, however, more like the whole cells of Anacystis
{cf. Duysens 1952, GHosH and (GovINDIEE 1966, ParacEorciou and GoOVINDIEE
1967); it has a high peak due to phycocyanin (625 nm) and shoulders due to chloro-
phyll ¢ at 434 and 671 nm.

117
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Table 1

Abgorption Characteristics of Different Fractions.
(¢4 refers to absorbance or optical density and the number following <“4" to the measuring
wavelength, in nm.)

Fraction Peaks (p) and shoulders {s), nm A gyl dgyy Agayf Agon

1 385 {s; chlorophyll @), 413 (s; chloro- 2-42 145
phyil a), 434 (p: chlorophyll a +
carotenoids}, 461 {s: carotenoids),
489 (s; carotenoidsj, 593 (s: phyeo-
eyanin) and 671 {p; chlorophyil a}
and 750 (p; P750N)

2 385 (3), 417 {s), 435 (p), 461 (s). 236 510
493 (s}, 585 {8}, 625 (p; chiorophyll
o + trace of phycocyanin)
and 671 {p)

3 385 {g), 417 (s), 433 (p), 461 (3), 1-98 5-34
493 (s), 585 (3), 625 (same as in -
fraction 2), and 67! (p}

4 485 (), 417 {p), 433 (p), 451 (3), 3-30 031
493 (s}, 817 {p; asymunstric band:
phyeoeyanin). and 670 (s; echioro-
phyil a)

8o EXCITATION SPECTRA
ANACYSTIS FRAGMENTS

A\ OBSERVATION « "120 nmm
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Fig, 4. Excitation {(or aetion) spectra of fluorescence for the four fractions of Anacystis (at 22 °C).
A observation == 720 nm. Al the curves have heen corrected for the number of incident
quanta at different wavelengths and they have been divided by the absorbance at 670 nm.

Interpretations dealing with the problem of energy transfer between varicus
pigments are difficult, due to the complexity of 720 nm fluorescence in the blue-green
algae. It is composed of at least three components: (i) chlorophyll a, (chlorophyll
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TT Takle 2
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Data from Excitation Spectra: Obssrvation Wavelength, 720 nm; Room Temperature.
E refers to fluorescence intensity {measured at 720 nm}; the number that follows “F" to ths
“wavelength of execiting light, in nm.

A B (oL D B ¥ G

Frac- Peaks (p) ) Eors/Boro Fusa/Born Egz/Aess Egroldsre Buge/dgey Column € Column D

tion and shoulders (s)%, Relative " Relative - Column D Column E
mn Units Units

1 100—440 (s), 580 (33, 2.6 0-61 2.15 0-55 0-14 39 40
625 (p), 671 ()

2 413 (¢}, 430 (p}, 580 (s), 0-46 0-88 1-99 0-34 031 24 a7
623 (p), 67L (p)

3 413 (s), 43z (p), 885 (3), O30 0-96 0-95 070 034 1-4 2.0
625 (p), 671 (p)

4 400-- 4£0 (3), 685 (s}, 5-98 0-53 748 385 61 1-9 6-5

622 {p), 680 (s)

* Positions of shouldars are not very precise; the values are within § nm,
#+ Columns C— B are corrected for different absorbance (4) in different samples. {Since 4 for the path-
length in the instrument (1 mwm) was Iow (less than 0-05) absorbance values were used iustead of
percent absorption values for the above correction.

in pigment system Il) fluorescence, (i) chlorophyll @, {chlorophyll ¢ in pigmsnt
system 1) fluorescence, and (iii) the tail of phycocyanin fluorescence. Fraction 4
containg phycocyanin in solution and shows a large phycocyanin fluorescence {soe
section on emission spectra). Therefore, no conclusions concerning energy transfer
m phycocyanin to chlorophyll @ (in fraction 4) is possible. However, one may
_Mume that most of 720 nm fluorescence in the other fractions is due to chlorophyll a.

e {ffurther, one may assume that absolute fluorescence yield of chlorophyll @ does not

-

A

change in different fractions since chlorophyll @ is within particles suspended in the
same medium. The ratio of 720 nn fluorescence efficiency excited by 625 nm to
that by 670 nm light may then he taken as an index of efficiency of energy transfer
from phycocyanin to chlorophyll . In all fractions, the ratio of efficiency for 720 nm
fluorescence excited by 625 nin to that by 670 nm is always greater than 1-0 (1-5 to
4-0). That phycocyanin is more effective in causing chlorophyll e filuorescence than
chlorophyll @ in vive is known since 1952 (Duysexs 1952, FrRENeH and Young 1952).
The transfer efficiency from phycocyanin to chlorophyll ¢ is greatest in fraction 1
and decreases in fractions 2--3 (see columns C, D, and F in Table 2).

The ratio of efficiency for 720 nm fluorescence excited by 430 nm to that by
670 nm was always lower than 1-0 (0-5 to 0-15). There are two possibilities: (a)
there is greater absorption by phycocyanin at 670 nm than at 430 nm, (b) carotenoids
which absorb in the blue but not in the red transfer energy to chlorophyll a with
very poor cfficiency (10—15 9) (see Emersox and Lewis 1943 and Duysexns 1952).
The transfer efficiency from carotenoids to chlorophyll @ appears to be lowest
in fraction 1, increasing in other fractions (fraction 2, then fraction 3), if the
ratio of 720 nm fluorescence excited by 434 nm to that by 670 nm is taken as an index
of the efficiency of energy transfer from the carotenoids to chlorophyll .

Excitation Spectra at Liquid Nitrogen Temperature

The excitation spectra measured at —196 °C (A obscrvation = 720 nm} are shown,
in Fig. 5. Since it is difficult to obtain identical thickness of samples at —196 °C,
differences in absclute fluorescence Imtensities cannot be evaluated, and therefore
all the carves were adjusted to give a maximum value of 100. The following differences

119
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120 between fractions 2 and 3 were ohserved: (a} the chlorophyll @ peak is at 875 nm -
in fraction 3 and at 672 nm in fraction 2, (b) the ratio of chlorophyll # to phycoeyanin
excited 720 nm fluorescence is lower in fraction 2 than in fraction 3, (c) there are
two phycocyanin peaks—one around 596 nm and the other around 630 nm—in .
both fractions, but the exact shapes of the spectra are very different. Tt is difficuls
to decide whether the 3 nm shift, noted in (a), is not simply due to the relatively
higher phycocyanin peak. Fraction 4 is relatively enriched in phycocyanin, but the -
proportion of different forms of phyeccyanin is different from that in fraction 1.
{The three peaks due to phycocyanin are around 595, 625, and 630.)

A

Emission Speetra af Room Temperature

Emission spectra obtained upon excitation of the different fractions of Anacystis r
by 430 nm, are shown in Fig. 6 (also see Table 3). Blue (430 nm) light excites mainly
chlorophyll @ and earotenoids. Almost all the fluorescence is from chlorophyll «

with a maximum around 680—683 nm. Fraction 4. however, has an additional Tr"
shoulder for phycocyanin fluorescence (around 650 nm). The ratio of fluorescence J
intensity at 680 nm (Fgg,) to that at 650 nm (Fy,) is very high (40-—50) in fractions
2 and 3, whereas in fractions 1 and 4, this ratio is 17 and 4, respectively, due to larger -
amount of phycocyanin in them and |
T I T ‘ consequently some absorption by phyco- ’
sn— [ cyanin at 430 nm.
ool  EXCITATION SPECTRA A
ANACYSTIS FRAGMENTS T 4 ™
A OBSERVATION » 720nm :
~196* C
2 : 7 T : ; T -
180 |~ EMISSION SPECTRA T
Fu ANACYSTIS FRAGMENTS T
g 180 |- : X EXCITATION = 430 nem ~ l
N o Goo  FOOM TEMPERATURE Il
= Z
;:_' z 140 - ﬂ
g g
% 3 ol . i
£ pE ;
& i »
z t 00|~ =
£ g
- Ean A
z u T
2 z :
u? u - —
g ® B0
=1 ['3
= E
s

600 625 650 675 0 725 0
WAVELENGTH, Pmi

550 600 650 700
WAVELENGTH OF EXCITING LIGHT, nm

Fig. 5. Excitation spectra of the four fractions
~of Anacystis at —196 °C. 2 observation =
720 nm, All the curves have been corrected
for the number of incident quanta at different
wavelengths and have been adjusted to give
the same fuoreseence intensity at one of
their peaks.

Fig. 6. Emission spectra of the four fractions
of Anacystis at 22°C. 1 excltation =
430 nm. All the curves have been corrected
for the spectral sensitivity of the photo-
multiplier, the transmission efficiency of o7
the monochromator, and the absorbance i
at 430 nm.,

‘VREDENBERG (1965) has shown that in Schizothriz, fluorescence around 730 nm -
is due to chlorophyll @,. OLson, BurLER and JeNNiNGs (1961) have shown that the .
polarized fluorescence—which is mainly excited by system I—has a maximuom in
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Table 3

Data from Emission Spectra: Bxcitation Wavelength, 430 nm, Room Temperature.
{*"F” refers to fluorescence intensity and the number following it to the wavelength of observation,
in nra.}

Ratio of
Fraction . Peaks (p) and shoulders (s), nm Fluorescence Intensities
‘ Fopal Faso Fogy! Fazo
i 683 (p), 735 (s) 16-8 50
2 681 {p), 735 (s) 475 75
3 680 (p), 735 (s} 537 7}
4 650 (s), 680 (p), 735 (s} 39 58

the far-red (720730 nm}. If one assumes that direct phycocyanin fuorescence at
680 nm and 7206 nm is negligible and that & large part of the fluorescence around
720 nm is due to chlorophyll &, a ratic of Fy, to Fy,, may then be taken, in the
first approximation, as a ratio of chlorophyll &, to chlorophyll o, fluorescence. These
agsumptions are, however, not valid when phycocyanin fluorescence is high as in
fractions 1 and 4. However, it may be valid for fractions 2 and 3 sinee phycocyanin
fluorescence is very low. When compared with fraction 3, fraction 2 has slightly
more chlorophyll a; (Fey) than chlorophyll a; (F,,,) fluorescence.

Figure 7 (see also Table 4) shows the emission spectra of the different fractions
of Anacystis when excited by 605 nm light. Fraction 1 shows peaks for both phyco-

AR and chlorophyll & fluorescence and fractions 2 and 3 show a dominant chloro-

N a peak around 680—683 nm. Fraction 4 shows a dominant phycocyanin peak
(655 nm). A high (2-0 to 4-0) ratio of Fygy/Fys,—observed in fractions 2 and 3—
obviously means a high chlorophyll & to phycocyanin fluorescence rafio and a low
ratio (1-56)—observed in fraction 1—means a low chlorophyll a to phycocyanin
flnorescence ratio. The ratio of Fg, to F,,, is higher (5-0) in fractions 2 and 3
and lower in fraction 1 (3-8). However, no definite conclusion may be drawn from
these ratios since excitation by 605 nm leads to high phycocyanin fluorescence in
all fractions except fraction 3.

As expected from the above diseussion, Fy, is found to be several times (30--125)
higher when excited by 605 nm than when excited by 430nm because Fy,
is mainly due to phyeocyanin flucrescence and phycocyanin absorbs a great deal
more at 605 nm than at 430 nm.

Teable 4

Data from Emission Spectra: Exeitation Wavelength, 605 nm, Room Temperature.
{““F refers to Auorescence intensity and the number following it to the wavclength of observation,
in nm.)

Ratio of
Fraction Peaks (p} end shoulders (s}, nm Fluorescence Intensities

Fﬁﬂustﬁo Fﬂﬂnl{F‘?Zﬂ

860 (s), 677 (p), 740 {g), 760 (s)
650 (), 680 (p), 732 (s)
850 (s), 681 {p), 730 (s)
655 (p), 680 (s), 712 (s), 725 {g)
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Fig. 7. Emission spectra of the four fractions  Fig. 8. Emission spectra of the four fractions

of Anacystis at 22°C. J excitation = of Angeystis at —186 °C. 1 excitation =
605 nm. All the curves have been corrected 430 nm. Ali the curves have besn correct
for the sgpectral sensitivity of the photo- for the speetral sensitivity of the ph:
multiplier, the transmission efficiency of multiplier, the transmission efficiency
the monochromator, and the absorbance at the monochromator, and have been ad-
605 nm, The scale for curve 4 is on the justed to give the same fluorestence in.
Tight side. tensity at one of their peaks.

Emission Speetra at Liquid Nitrogen Temperature

Figure 8 shows the emission spectra of dnacystiz fragments at —196 °C (1 exvw
citation = 430 nm). Fraction 1 has all the three peaks (Fg,. Feg, and Fo,p) as-
shown earlier by Govinpser {1963) and Brreeron (1963) for whole cells of Anacystis
nidulans. (The F.,, was first discovered by 8. Bropy (1958) in Chlorella and Fg,,
by Lrrvin, Rixuireva and Krasxovsxy (1960) in bean homogenates.) Since 430 nm
light mainly excites chlorophyil a, fluorescence is observed from the small amount
of chlorophyll a in fraction 4; phycocyanin fluorescence is low. It is not clear why
F ooy is almost absent in fraction 4; it is likely that few special chlorophyll & molecules
that are intimately attached to phycyanin molecules are “dragged” into fraction 4
and these fluoresec with a single peak at 685 nm. The fraction 3 seems to be enriched
in chlorophyll @, since it has a high F.,, peak. The ratio of F,,/F.. 15 almost 1.0
This conelusion is based on our earlier suggestions that #,,, is from System I chloro-
phyll @ molecules. The fraction 2, however, contains relatively less Fy, (chlorophyl!
@,); FaoofFegs ratio is much less than 1-0 (0-7).

Emissgion specira measured (at —196 °C) when Anacystis fragments were excited
by 605 num, in general, confirmed the following general conclusions: (a) in lraction 4
there was a high peal at 660 nm (phycocyanin) and a low peak at 682:5 nm (chloro-
phyll @), {(b) in fraction 1 there was a low 660 nm (phycocyanin) peak and a high
685 nm peak {chlorophyll @) showing efficient energy transfer from phyeocyanin to

—
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SPECTRAL CHARACTERISTICS OF dnacystis PARTICLES
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Brm Eccmemopansi cuerTpE abcopboym B PayopecHenmud (parMeHTOB CHHE-3€I0HOM

“poropociE Anacysiis widulans, DOAYYeHHBEIX DPa3PVIOEIAEM IeXHX KISTOK B (ocdaTHOM
&4 paspy

Sydepe (cofepikameM TArEiOHEHEE) M menrpudyrmpobanmer. B paGore npweedeHE Taxme
SAeKTPOHRKe MEKpodoTorpadre prux GparMentos. dae $pakimm TacTey cOTCPIRAT GOThTS
xmopodumta ¢. Ha ocHome SMECCHOHHOTO cHeRTpa (np# reMuspatype —196 °C) apropn
CUATAKT, 9T0 ORHA (pAKmEA cOfepsmT Goiboie Xmopodmmia ¢, B BrOpafd XIOPOPRIITA aj;
caMag derrax PpakgEsa cofepmana GURONHAHEH B DACTBOPDENHOM COCTOAHMH M TAKMWE
HefoubIIoe KOTMYCTRO XI0POMILIa 4. JPPeRTHBUOCTL NePeHOca SHePIHA B3 JIONOAHH ek
HEIX DATMCHTOR (KAPOTEHOWMJOR B (MRONMAANAOB) Ha XAOPOPHEIN ¢ PASIHTHA B PABHLIX

PparmHax.
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